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Summary 
Comparison of Hoxb-1 regulatory regions from differ- 
ent vertebrates identified three related sequence mo- 
tifs critical for rhombomere 4 (r4) expression in the 
hindbrain. Functional analysis in transgenic mice and 
Drosophila embryos demonstrated that the conserved 
elements are involved in a positive autoregulatory loop 
dependent on labial (lab) family members. Binding of 
Hoxb-1 to these elements in vitro requires cofactors, 
and the motifs closely resemble the consensus bind- 
ing site for pbxl, a homolog of the Drosophila extra- 
denticle (exd) homeodomain protein. In vitro exd/pbx 
serves as a Hoxb-1 cofactor in cooperative binding and 
in Drosophila expression mediated by the r4 enhancer 
is dependent on both lab and exd. This provides in 
vivo and in vitro evidence that r4 expression involves 
direct autoregulation dependent on cooperative inter- 
actions of Hoxb-1 with exd/pbx proteins as cofactors. 
Introduction 
The vertebrate hindbrain is a segmentally organized struc- 
ture where regional variation is generated through the 
formation of lineage-restricted cellular compartments, 
termed rhombomeres (reviewed by Keynes and Krumlauf, 
1994). Underlying this compartmental organization, mem- 
bers of the vertebrate Hox network display colinear and 
segmentally restricted patterns of expression (Wilkinson 
et al., 1989; Hunt et al., 1991). Loss-of-function mutants 
in the Hoxa-1 gene and the Krox-20 gene, which regulates 
Hoxb-2 expression in the hindbrain (Sham et al., 1993), 
result in alterations of segmental patterning and eventually 
the loss of specific rhombomeres (Carpenter et al., 1993; 
Doll~ et al., 1993; Mark et al., 1993; Schneider-Maunoury 
et al., 1993; Swiatek and Gridley, 1993). Induction of 
Hoxb-1 by retinoic acid (RA) (Marshall et al., 1992) or ec- 
topic expression of Hoxa-1 (Zhang et al., 1994) transforms 
rhombomere 2(r2) to an r4 identity. Therefore, in the devel- 
oping hindbrain, Hox genes, like their Drosophila counter- 
parts, can specify the identity of segments. However, we 
have a limited understanding of the regulatory mecha- 
nisms that control the rhombomere-restricted patterns of 
expression required to impart this positional identity. 
Since Hox genes are essential components of the regu- 
latory cascade that governs segmental patterning, study- 
ing their regulation can help to identify upstream factors 
and gain insight into transcription factor interactions and 
signaling pathways involved in hindbrain regionalization. 
Hoxb-1, a labia/(lab) family member, is the only one of 
three mouse paralogs expressed in the hindbrain when 
rhombomeres become clearly visible (reviewed by McGin- 
nis and Krumlauf, 1992; Keynes and Krumlauf, 1994). 
Hoxb-1 expression in r4 represents an independently regu- 
lated subdomain of the overall pattern generated by the 
action of positive and negative regulatory regions (Mar- 
shall et al., 1994; Studer et al., 1994). In transgenic mice, 
Hoxb-1 can be ectopically induced in the hindbrain by its 
paralog Hoxa-1, indicating that lab subfamily-dependent 
regulatory mechanisms might be involved in Hoxb-1 ex- 
pression (Zhang et al., 1994). Thus, the putative role of 
Hoxb-1 in specification of r4 identity, together with conser- 
vation of the rhombomere-restricted xpression in chicken 
and Xenopus embryos (Sundin and Eichele, 1990; God- 
save et al., 1994), makes Hoxb-1 an attractive system for 
studying regulatory mechanisms that govern the genera- 
tion of segmental expression in vertebrates. 
In Drosophila, direct and indirect autoregulatory circuits 
have been shown genetically to be important for aspects 
of the spatially restricted expression patterns of some ho- 
meotic complex (HOM-C) selector genes. Autoregulation, 
however, requires more than a simple positive acting feed- 
back loop, because the autoregulatory response of HOM-C 
genes can be ectopically activated only in selected regions 
of the embryo, indicating the involvement of additional 
components. One of the best characterized examples of 
direct autoregulation in a HOM-C gene is a Deformed epi- 
dermal enhancer (Kuziora and McGinnis, 1988; Regulski 
et al., 1991; Zeng et al., 1994). A small segment-specific 
regulatory element within this enhancer has binding sites 
for the Deformed protein and a cofactor, both of which 
are required for autoregulation (Zeng et al., 1994). Such 
a cofactor requirement may place spatial limitations on 
the induction of an autoregulatory feedback loop in re- 
sponse to ectopic HOM-C expression. Furthem'lore, indi- 
rect cell signaling-dependent autoregulatory pathways 
are also important in HOM-C control (reviewed by Bienz, 
1994) and may contribute to a spatial restriction of an auto- 
regulatory response. 
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Figure 1. Sequence Comparison of the Hoxb-1 r4 Enhancer from Dif- 
ferent Vertebrate Species 
(A) The schematic representation  top shows the mouse Hoxb-1 
locus. Open boxes represent exons; the closed box, the homeobox. 
This complete region was included in constructs 15-17 (Table 1). Be- 
low are the locations of the conserved regions of the chicken and 
pufferfish Hoxb-1 loci equivalent to the minimal mouse AvalI-Haelll 
r4 enhancer, as indicated by the stippled boxes. 
(~E3 i Sequence comparison of r4 enhancer regions in different verte- 
brates. Capital letters emphasize identical bases, restriction enzyme 
sites and a TAAT motif are underlined, and m is A or C. Blocks of 
highest similarity (block 1 and repeats 1-3) are boxed. Bases above 
the conserved blocks show substitutions introduced into the mouse 
sequence for transgenic or in vitro analysis. The Sphl site in parenthe- 
ses was introduced by PCR, 
((3) Alignment of repeats 1-3 and comparison of the repeat consensus 
with that derived for pbxl. Invariant positions are shown in bold. They 
are identical to invariant or most highly conserved positions in high 
affinity binding sites for pbxl (Lu et al., 1994). 
While the nature of the cofactors involved in Deformed 
autoregulation is not known, it has recently been shown 
that the homeodomain protein extradenticle (exd) (Raus- 
kolb et al., 1993) can function as a cofactor of homeotic 
selector proteins. A genetic role for exd, as part of a parallel 
pathway regulating segmental identity, was originally sug- 
gested by homeotic transformations observed in exd mu- 
tants in which expression of HOM-C genes did not change 
(Peifer and Wieschaus, 1990; Rauskolb et al., 1993; 
Rauskolb and Wieschaus, 1994). Therefore, exdappeared 
not to be involved in direct HOM-C regulation and was 
proposed to act primarily on HOM-C downstream targets. 
For example, decapentaplegic (dpp) expression in visceral 
mesoderm is dependent on both Ultrabithorax (Ubx) and 
exd(ImmerglOck et al., 1990; neuter et al., 1990; Capovilla 
et al., 1994; Rauskolb and Wieschaus, 1994; Sun et al., 
1995). Cooperative binding between Ubx and exd proteins 
has been demonstrated on artificial binding sites (van Dijk 
and Murre, 1994; Chang et al., 1995) and on sites neces- 
sary in vivo for dpp expression (Chan et al., 1994). There- 
fore, exd is a cofactor capable of modulating the binding 
specificity of HOM-C proteins. 
In this paper we used comparisons of the Hoxb-1 regula- 
tory regions from three vertebrate species and genetic 
analysis in transgenic mice and Drosophila embryos to 
identify and characterize the critical cis-regulatory ele- 
ments required to mediate r4-restricted expression in the 
hindbrain. We show that r4 expression is mediated by a 
positive and direct autoregulatory feedback mechanism 
that is cofactor dependent, and we provide in vivo and in 
vitro evidence that exd/pbx proteins can act as the cofac- 
tors and cooperate with Hoxb-1 in autoregulation. 
Results 
Autoregulation of Hoxb-1 and Colocalization with 
r4 Restriction and Response to RA 
A 5' flanking region of the mouse Hoxb-1 gene that is able 
to generate r4-restricted expression in the hindbrain 
(Studer et al., 1994) was analyzed to identify cis-regulatory 
elements. Embryos with a/acZ reporter construct con- 
taining the mouse 331 bp StuI-Hindlll fragment (Figure 
1A; Table 1) strongly express the transgene in r4 and its 
associated migrating neural crest cells (Figures 2A and 
2B; Studer et al., 1994). Frequently, transgene xpression 
was also detected in r6, especially in embryos with the 
highest levels of expression (Figures 2A and 2B). 
RA treatment of mouse em bryos in utero at 7.5 days post 
coitum (dpc) ectopically activates Hoxb-1 in an immediate 
response anterior to its normal r4 expression domain 
through a RA response element in a 3' enhancer (Marshall 
et al., 1994). Later, the ectopic expression becomes local- 
ized to a stripe in r2 (Marshall et al., 1992). The Stul- 
Hindlll enhancer is able to reproduce this response to RA 
(Figure 2C), but does not contain a consensus RA re- 
sponse element, implying that the RA effect is indirect. 
Activation of Hoxb-1 expression in r2 by RA or by misex- 
pression of Hoxa-1 (Zhang et al., 1994) suggested that 
Hoxa-1 or, more generally, members of the lab subfamily 
might mediate the indirect response of Hoxb-1 to RA by 
inducing an autoregulatory loop. We therefore tested 
whether Hoxb-1 itself is able to activate its own expression 
using a human ~-actin-Hoxb-1 construct similar to that 
employed to alter Hoxa-1 expression. The ~-actin-Hoxb-1 
vector generates widespread expression of Hoxb-1 in 
transgenic embryos (Figure 2H). When introduced into 
lines carrying the StuI-Hindlll lacZ reporter construct, 
Hoxb-1 activates the reporter in the hindbrain anterior to r4 
in a manner similar to RAorHoxa-1 (Figure 2D). Therefore, 
cis.regulatory elements capable of mediating r4-restricted 
expression, the response to RA, and autoregulation by 
Hoxb-1 are colocalized within the 331 bp StuI-Hindlll frag- 
ment, suggesting that elements that mediate the ectopic 
response to RA and Hoxb-1 might be identical with those 
required to generate the normal expression domain in r4. 
Conservation of the Hoxb.1 r4 Enhancer 
among Vertebrate Species 
Sequence comparison of mouse, chicken, and pufferfish 
Hoxb- 1 genes was used to search for conserved regulatory 
exd/pbx in Hoxb-1 Autoreguiation in Rhombomere 4 
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Table 1. Transgenic Constructs Characterizing the Hoxb-1 r4 Enhancer 
Repeats Block 1 
Embryos Expressing 
Construct Regulatory Region R1 R2 R3 Ext ThAT in r4 
1 StuI-Hindlll + + + + + 18 of 19 
2 AvalI-Haelll + + + + + 7 of 7 
3 EcoRV-Sphl (fish) + + + + + 6 of 7 
4 StuI-Sphl (fish) + + + + + 7 of 7 
5 StuI-Hindlll + + + + - 10 of 10 
6 StuI-Hindlll + + + - - 11 of 13 
7 StuI-Hindlll - - - + + 0 of 6 
8 StuI-Hindtll - + + + + 6 of 6 
9 StuI-Hindlll + - + + + 10 of 10 
10 StuI-Hindlll + + - + + 7 of 13 
11 StuI-Hindlll - - + + + 7 of 11 
12 StuI-Hindlll - + - + + 2 of 1S 
13 StuI-Hindlll + - - + + 3 of 7 
14 Repeat 3 NA NA 3x NA NA 8 of 14 
15 EcoRI-Ncol + + + + + 7 of 7 
16 EcoRI-Ncol - - - + + 0 of 15 
17 EcoRI-Ncol + + + - - 4 of 4 
Construct numbers are used in Figures 2-4. Regulatory region denotes genomic fragments from the Hoxb-1 locus in Figure 1. R1, R2, and R3 
represent conserved repeats 1-3; block 1, homology block 1 in Figure 1. Point mutations (Figure 1B) were introduced into block 1, either in the 
ThAT core alone (TAAT) or throughout block 1 (Ext). Plus or minus signs indicate he original or mutated versions of the motifs, respectively; NA, 
not applicable. The last column is the fraction of embryos with r4-restricted xpression out of the total number of expressing embryos. 
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Figure 2. A Hoxb-1 r4 Enhancer Activity Is Conserved among Different 
Vertebrate Species 
(A-D) Embryos from lines transgenic for/acZ reporter under control 
of the 331 bp StuI-Hindlll r4 enhancer (Table 1, construct 1). (A) Lateral 
view of a 9.5-10.0 dpc embryo. Strong expression is seen in r4, r6, 
and neural crest cells (nc) migrating into the second branchial arch. 
(B) Dorsal view of the embryo in (A). The otic vesicle is indicated 
(OV). (C) Dorsal view of a 9.5 dpc embryo treated with IRA at 7.5 dpc. 
Expression in the hindbrain is induced anterior to r4 (arrowhead). (D) 
Similar induction of the reporter anterior to r4 (arrowhead) due to ec- 
topic expression of Hoxb-1 in a StuI-Hindlll/lacZ transgenic line. (H) 
Hoxb-1 whole-mount in situ hybridizations. Theembryo on the right is 
a founder transgenic for the f,-actin-Hoxb-1 construct, demonstrating 
elements in the r4 enhancer. Using 0.7 kb, 1.7 kb, and 
1.2 kb of upstream sequences of the mouse, chicken and 
pufferfish genes, respectively, we identified a conserved 
domain of about 100 bp that is located within a 148 bp 
Ava l I -Hae l l l  subf ragment  of the mouse  331 bp Stu l -  
Hindlll enhancer (see Figures 1A and 1B). 
The importance of the conserved region for r4 enhancer 
function was tested by generating transgenic mice with 
the 148 bp mouse Aval I -Hael l l  f ragment spanning this 
region (Table 1, construct 2). This fragment not only re- 
tained r4 enhancer activity, but also mediated a response 
to RA (Figures 2E-2G).  In the chicken, this conserved 
region resides within an 800 bp overlap (XhoI-Sacl)  be- 
tween two fragments that function as r4 enhancers in 
transgenic mice (Studer et al., 1994). To test whether the 
conserved block in pufferfish also defined an r4 enhancer, 
we used reporter constructs with an 84 bp fragment 
(EcoRV-Sphl)  or a 144 bp fragment, including 60 bp fur- 
ther upstream (Table 1, constructs 3 and 4). These puff- 
erfish regions directed r4-restricted expression, although 
frequently expression in r2 and r6 was also observed (Fig- 
ures 21-2K). Thus, a functional Hoxb.1 r4 enhancer maps 
to a region highly conserved among widely divergent verte- 
brates. 
Three  Re la ted  and  Conserved  Mot i f s  Are  Requ i red  
fo r  r4  Enhancer  Act iv i ty  
Sequence al ignment of the conserved regions strongly 
expression throughout the embryo.~On the left, a control embryo. 
(E-G) Embryos of a line transgenic for construct 2 show that the mouse 
AvalI-Haelll fragment is sufficient for r4 enhancer function and the 
RA response (arrowhead in [G]). 
(I-K) Founder embryos transgenic for constructs 3 or 4 (see Table 1) 
containing the conserved r4 enhancer sequences from pufferfish. 
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Figure 3. Effect of Mutations in the Three Conserved Repeats on r4 
Enhancer Activity 
(A and B) Lateral dorsal views of a 9.5 dpc embryo transgenic for 
construct 7 carrying mutations in repeats 1-3. No expression is ob- 
served in r4 (arrowhead in [B]). The otic vesicle is indicated (OV). 
Embryos carrying reporter constructs with mutations in repeat 1 (C) 
or repeat 2 (D). Mutations in repeat 3 (E and F) can reduce (F) or 
abolish (Table 1, construct 10) expression in r4. (G-L) Embryos with 
constructs in which two out of three repeat motifs were mutated (Table 
1, constructs 11-13). Except for the embryo in (G), strong expression 
in r4 was not observed. Embryos howing the most extensive xpres- 
sion in r4 for each construct are included (G, I, and L). Diagrams 
beneath the panels indicate he mutations. 
emphasized four blocks of similarity with nine or more 
highly conserved nucleotides (see Figure 1B). To assess 
the importance of these blocks, we introduced base pair 
changes, separately or in combinations, in the context of 
the 331 bp StuI-Hindlll fragment (see Figure 1B). Block 
1 contains a TAAT motif in the mouse and pufferfish se- 
quences (see Figure 1B). Since TAAT motifs are often 
found in binding sites for Hox/HOM-C homeodomain pro- 
teins, this sequence was considered to be a potential tar- 
get for autoregulation or r4 enhancer activity. However, 
mutations within the TAAT motif itself or extended through- 
out block 1 showed that this element was not critical for 
r4 expression or the RA response (Table 1, constructs 5, 
6, and 17; data not shown). 
The three remaining conserved blocks are closely re- 
lated to each other, and a 9 bp consensus, with the se- 
quence TIA-GAT-TIG-GA-TIA-G, can be derived (see Fig- 
ure 1C; see legend). Mutation of all three repeats in the 
StuI-Hindlll fragment (see Figure 1B) abolished the func- 
tion of the mouse r4 enhancer (Figures 3A and 3B). None 
of the founder embryos showed r4-restricted expression, 
although variable ectopic expression indicated that the 
reporter gene itself was functional (Figure 3A). This result 
demonstrates that the three repeats are critical compo- 
nents of the r4 enhancer. 
To examine the role of each repeat, we introduced muta- 
tions into individual repeats. While changes in repeat 1 
or 2 had no visible effect (Figures 3C and 3D), mutations 
in repeat 3 reduced r4 enhancer activity (Figures 3E and 
3F). Although one embryo still showed a high level of ex- 
pression in r4, more often expression was weak or absent 
(Table 1). Mutations in any two of the three repeats re- 
duced or eliminated r4 expression, displaying~ooperation 
among all the repeats (Figures 3G-3L). Mutating repeats 
1 and 2 together had the least severe effect of the possible 
combinations (Figures 3G and 3H). However, even in this 
case, r4 expression was weak or absent. The most severe 
effect combined mutations in repeats 1 and 3 (Figures 31 
and 3J), in which only 2 of 15 founder embryos had weak 
expression in r4 (Figure 31; Table 1). Therefore, the three 
repeats are not equally important, although pairwise muta- 
tions demonstrated that they are all involved in generating 
the r4-specific pattern. Repeat 3 is the most crucial site, 
whereas repeat 2 seems to make the smallest contri- 
bution. 
While the three repeat motifs are critical determinants 
for enhancer activity, we tested whether they were also 
sufficient. Three copies of a 20-mer containing repeat 3 
linked to a basal I~-globin promoter-lacZ reporter can give 
r4-specific expression (Table 1, construct 14; Figures 4A 
and 4B). Therefore, region-specific information resides 
within this repeat, and it is sufficient to generate r4- 
restricted expression in transganic mice. 
Although the three repeats are clearly critical for en- 
hancer function of the StuI-Hindlll fragment, other control 
elements in the Hoxb-1 locus could be equally or more 
important in regulating r4 expression. Mutations in the 
three repeats were therefore introdJJced into a Hoxb-1 con- 
struct that contains genomic sequences shown in Figure 
1A (top) and reconstructs endogenous domains of expres- 
sion (Figures 4C and 4D; Marshall et al., 1994), Mutations 
in all three conserved repeats in this context specifically 
abolished r4 and neural crest expression, leaving only the 
posterior domain (Figures 4E and 4F). Thus, the repeats 
are not only required for function in a minimal enhancer 
assay, but also in a larger genomic context, suggesting 
they are important control elements required for r4- 
restricted expression of the endogenous gene. 
Expression from an r4 Regulatory Region in 
Drosophila and Its Dependence on lab 
Reporter constructs containing the mouse Hoxb-1 en- 
hancer can be activated in the hindbrain by ectopic expres- 
sion of Hoxa-1 (Zhang et al., 1994) or Hoxb-1 (see Figure 
2D). This suggested that autoregulation, mediated more 
generally by lab-related proteins, is involved in control of 
Hoxb-1 expression. Therefore, we examined whether the 
mouse r4 enhancer represented a target for lab-depen- 
dent regulation in Drosophila embryos. 
exd/pbx in Hoxb-1 Autoregulation in Rhombomere 4 
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Figure 4. The Conserved Repeat Motifs in the Hoxb-1 r4 Enhancer 
Are Critical for Its Function 
(A and B) A founder transgenic embryo for construct 14 demonstrates 
that three copies of a single repeat motif (repeat 3) are sufficient for 
r4 expression. 
(C and D) Control, 9.5 dpc embryo transgenic for construct 15. Poste- 
rior expression (open arrow in [C] and [E]) is controlled by Hoxb-1 3' 
enhancers. 
(E and F) Repeats 1-3 are necessary for r4 expression in the Hoxb-1 
locus, because mutation f the repeats (Table 1, construct 16) specifi- 
cally abolishes r4 expression. Closed arrowheads point to r4; otic vesi- 
cle, OV; neural crest, nc. 
Two independent ransformant lines for transposon r4/  
lacZ, which contains an r4 enhancer (0.9 kb SpeI-Hindl l l  
fragment) l inked to an hsp70 TATA box and lacZ reporter, 
were isolated and made homozygous for the insertion. 
Embryos from both lines showed an identical staining pat- 
tern. Staining first arises in shortened germ band embryos, 
around 10 hr of development.  Expression is most exten- 
sive in the head, including the epidermis, but some stain- 
ing occurs internally in the esophagus. The major sites 
of epidermal expression are in the anterior head region, 
where the fused mandibular/maxi l lary lobes meet the pro- 
cephalic lobe, and in a more posterior region between the 
Figure 5. The r4 Enhancer Directs Expression in Drosophila Embryos 
Dependent on lab and exd 
Dorsal views of -11 hr-old embryos (A-E) or ~ 17 hr-old embryos 
(F-J) transformed with the r4/lacZ (A-C, E-H, and J) or the r4/lacZ 
(D and I) transposons and stained with anti-[~-gal ntibody; heads are 
to the left. 
(A and F) Wild-type embryos, where major site of head expression is 
indicated by closed arrowheads (note the V-shaped pattern in IF]). (A) 
Open triangles mark visceral mesoderm expression, a d esophageal 
expression is also visible• 
(B and G) In lab val homozygous mut~lnt embryos with the r4/lacZ 
transposon, major head expression is gone, but staining persists in 
visceral mesoderm (B) and esophagus (G). Focal plane (B and E) 
also reveals 13-gal staining in the dorsal clypeolabrum (most anterior 
structure in [B] and [G], but below focus in [A] and [F]). 
(C and H) In heat-shocked hslab embryos, main sites of normal head 
expression are indicated by large closed arrowheads, and ectopic r4/ 
lacZ expression is induced, as indicated by small vertical arrowheads 
in the head epidermis (C) and thoracic segments (H). Strong additional 
staining in the dorsal clypeolabrum is below the focal plane (compare 
[C] with [A]). 
(D and I) Virtually all staining is eliminated in transformants with the 
mutated repeats, r4E/lacZ. 
(E and J) Removal of maternal and zygotic exd function eliminates 
major expression domains in the head and visceral mesoderm. Stain- 
ing remains in the dorsal clypeolabrum (anterior structure in [El), the 
esophagus (J), and the posterior region of the V-shaped pattern (J). 
maxil lary lobe and first thoracic segment (Figure 5A, ar- 
rowheads). At slightly later stages, the anterior sites be- 
come more prominent, eventual ly developing into a con- 
spicuous V-shaped pattern (Figure 5F). These sites of 
transposon expression are subregions of the endogenous 
Cell 
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lab expression (Diederich et al., 1989; Chouinard and 
Kaufman, 1991; Tremml and Bienz, 1992), as confirmed 
by a number of criteria (data not shown). However, there 
is also some staining in regions where/ab is not expressed, 
such as the dorsal clypeolabrum, the first thoracic seg- 
ment, and further posteriorly in parasegment 3 in the vis- 
ceral mesoderm. 
The dependence of reporter expression in Drosophila 
on lab was analyzed in homozygous/ab mutant embryos. 
The major sites of head expression, including the late 
V-shaped pattern, which overlap with lab are abolished 
(Figures 5B and 5G); however, expression remains in non- 
overlapping regions. Thus, the main expression in the 
head requires lab function, although some of the expres- 
sion is lab independent. This suggests that Drosophila lab, 
directly or indirectly, activates transcription through t e 
mouse r4 enhancer. 
Further support for this idea comes from experiments 
in which the r4/lacZ line was crossed into a strain bearing 
a hslab transposon (Heuer and Kaufman, 1992). Embryos 
were heat shocked three times during middle and late 
embryogenesis to produce ubiquitous lab protein and ana- 
lyzed 1 hr later for 13-galactosidase (~-gal) expression. This 
treatment produced strong ectopic staining in the head 
epidermis, mostly between the two major sites seen in 
control embryos (Figure 5C, arrowheads). At later stages, 
additional staining in the three thoracic segments was also 
visible (Figure 5H, small arrowheads). Thus, not nly is 
the expression pattern dependent on lab, but ectopic lab 
can directly or indirectly induce expression from the 
mouse regulatory region. However, the ectopic/ab is only 
able to induce expression in restricted domains, implying 
a requirement for additional cofactors or components. 
Enhancer function in the mouse required the three con- 
served repeat sequences. Their role in the Drosophila ex- 
pression pattern was examined by using r4E/lacZ, a ver- 
sion of the r4/lacZ transposon that contained the same 
changes in the three repeats (see Figure 1B) used in the 
transgenic mice and in vitro analysis. None of the eight 
independent transformant lines showed any 13-gal staining 
until the end of embryogenesis, when some staining ap- 
peared near the anterior spiracles (Figures 5D and 51). 
Thus, virtually all the r4/lacZ expression in Drosophila de- 
pends on the same three conserved sequence elements 
involved in regulating r4 expression in the mouse. 
Hoxb-1 Binds to the Conserved Repeats, But Only 
in Conjunction with Cofactors 
The above experiments uggested that the r4 enhancer 
might function through an autoregulatory mechanism me- 
diated by lab family members. It was therefore of interest to 
determine what factors, and in particular whether Hoxb-1 
itself, might bind to he conserved motifs. One recurrent 
motif within the repeat consensus is the tetranucleotide 
TGAT, which bears some similarity to the TAAT core se- 
quence in many homeodomain binding sites and fits the 
sequence TNAT purportedly preferred by lab family mem- 
bers (Ekker et al., 1994). In addition we observed that 
recombinant Hoxb-1 did not bind to the TAAT motif in block 
1 of the r4 enhancer (data not shown). This and other 
studies (Phelan et ai., 1994) suggest that lab-related ho- 
meodomains may have a low affinity for their binding sites 
and a preference for non-TAAT motifs. 
We tested the ability of Hoxb-1 protein to bind to oligon u- 
cleotides each spanning one repeat motif using a glutathi- 
one S-transferase-Hoxb-1 fusion protein (GST-Hoxb-1). 
This protein alone did not bind to repeat 1 or 3 (Figures 6A 
and 6B, lane 1). However, in combination with embryonic 
nuclear extracts, GST-Hoxb-1 formed a doublet of slower 
migrating complexes with each oligonucleotide, which 
was not seen with embryonic extracts alone (Figures 6A 
and 6B, lanes 2 and 4-6). The presence of GST-Hoxb-1 in 
A Antiserum . . . . . . . . . . . .  Pl c~B1 
Cornpetitor[20Ong] . . . . . .  R1 mR1 R2 mR2 R3 mR3 - - 
GST-HOXB-1 [ng] 500 - - 5O 170 500 50 50 50 50 50 5O 50 50 
GST [ng] - 1000 . . . . . . . . . . .  
Extract - + + + + + + + + + + + + + 
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~C ~ ~ : ....... 
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Extract - + + + + + + + + + + + + + 
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FP --~ 
1 2 3 4 5 6 7 8 9 10 11 12 13 14 
Figure 6. Binding of Hoxb-1 to the Conserved Repeat Motifs in the r4 
Enhancer Requires Cofactors Present in Embryonic Nuclear Extracts 
(A) Binding assay of GST-Hoxb-1 to repeat i in the presence of embry- 
onic extracts. Hoxb-1 by itself did not bind to repeat 1 (lane 1), but a 
doublet of specific complexes (HOXB-1) formed when nuclear extract 
was included (lanes 4-6). These complexes were not seen with embry- 
onic extracts (lane 2) or GST (lane 3) alone. Complexes specific for 
mbryonic nuclear extracts (endogenous complexes [EC]) were ob- 
served, and increasing amounts of the GST-Hoxb-1 competed the 
formation of some of these complexes (lanes 2 and 4-6). The specificity 
of both the Hoxb-l-dependent and the endogenous complexes was 
demonstrated by competition with an unlabeled excess of any of the 
normal three repeats (R1-R3, lanes 7, 9, and 11) or mutated versions 
(mRl -mR3,  lanes 8, 10, and 12). Addition of polyclonal Hoxb-1 antise- 
rum (aB1) specifically blocked formation of the~oxb-1 dependent com- 
plexes (lane 14). Preimmune serum (PI) had no effect (lane 13). FP, 
free probe. 
(B) The same series of in vitro binding experiments as in (A), except 
that repeat 3 was used. Proteins, competitors, and concentrations are 
indicated above each lane. 
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Figure 7. Exd/Pbx Are Cofactors in Coopera- 
tive Binding of Hoxb-1 to the Repeat Motifs 
(A) EMSA with GST-Hoxb-1 and a T7 epitope- 
tagged exd homeodomain polypeptide on re- 
peats 1-3. Complexes (HOXB-1/EXD) with re- 
peat I (R1) and repeat 3(R3) formed only when 
both exd and Hoxb-1 were included (lanes 3 
and 9). No complexes formed with mutated re- 
peat 3 (mRS). On repeat 2 (R2), no cooperative 
binding was observed, but exd alone bound 
weakly (lanes 4 and 6). No interaction with exd 
was seen for Ubx (lanes 13-18). FP, free probe. 
(B) Complexes on repeats 1 or 3 contain the 
exd polypeptide as shown by the supershift 
(SS) when a monoclonal ntibody (T7 tag MAb) 
to the T7 epitope tag was iAcluded (lanes 5 and 
6 and lanes 11 and 12). 
(C and D) Hoxb-1 is contained within com- 
plexes obtained with Hoxb-1 and the exd ho- 
meodomain on repeats 1 (R1) or 3 (R3). (C) A 
specific complex (HOXB-1/EXD) with normal 
repeat 1, but not the mutated repeat (mR1), 
required both Hoxb-1 and exd (lanes 1-7). 
Polyclonal GST-Hoxb-1 antiserum ((IB1), but 
not preimmune serum (PI), decreased the 
amount of Hoxb-l/exd complex and generated 
a supershifted complex (SS, lanes 8, 9, and 
10). GST-Hoxb-4 bound weakly to repeat 1, 
but no cooperative binding with exd was seen (lanes 11-13). (D) GST-Hoxb-1 is also present in the complex formed with repeat 3. Full-length 
exd was used. Formation of the GST-Hoxb-l/exd-dependent complex (lanes 1-5) was inhibited by the (zB1 antiserum, and a weak supershifted 
complex was obtained (lane 7). 
these complexes was demonstrated by using a polyclonal 
antiserum raised against the same GST-Hoxb-1 fusion 
protein. The antibody abolished the formation of the GST- 
Hoxb-l-specific omplexes (Figures 6A and 6B, compare 
lanes 13 and 14). In competition assays, the formation of 
both the GST-Hoxb-l-specific and endogenous com- 
plexes was prevented by an excess of unlabeled oligonu- 
cleotides corresponding to any one of the repeats, but not 
their mutated versions (Figures 6A and 6B, lanes 7-12). 
An oligonucleotide to repeat 2 constituted an efficient het- 
erologous competitor (Figure 6), but only weakly formed 
a GST-Hoxb-l-specific omplex together with embryonic 
extracts (data not shown). Thus, Hoxb-1 can bind specifi- 
cally to the repeat motifs, and, although this binding is 
dependent on cofactors, this implies that the r4 enhancer 
functions through a direct autoregulatory mechanism. 
Cooperative Interactions between ExdlPbx 
and Hoxb-1 Permit DNA Binding 
The repeat consensus, 5'-TIA-GAT-TIG.GA-TIA-G-3', is 
weakly related to the exd-binding sites in the dpp gene 
(see Figure 1C and legend; Chan et al., 1994; Sun et al., 
1995) and is surprisingly similar to a polymerase chain 
reaction (PCR)-derived consensus binding site (5'-TTGA- 
TTGAT-39 for the human homeodomain protein pbxl (van 
Dijk et al., 1993; Lu et al., 1994). pbx is the vertebrate 
homolog of exd (Flegel et al., 1993; Rauskolb et al., 1993), 
and exd/pbx proteins have been shown to bind DNA to- 
gether with HOM-C/Hox proteins cooperatively (Chan et 
al., 1994; van Dijk and Murre, 1994; Chang et al., 1995). 
The similarity between the pbx-binding site consensus 
and repeat consensus, together with the cofactor require- 
ment of Hoxb-1 for DNA binding, suggested a potential 
role for exd/pbx proteins as a partner for Hoxb-1 binding. 
Therefore, electrophoretic mobility shift assays (EMSAs) 
were performed with GST-Hoxb-1 and a protein con- 
taining the xd homeodomain (Chan et al., 1994) (Figure 
7). Surprisingly, despite the close similarity to the pbxl 
consensus, only weak binding of exd alone was observed 
on the three repeats. Under conditions in which neither 
exd nor Hoxb-1 alone bound the repeats efficiently, coop- 
erative interactions between Hoxb-1 and exd were ob- 
served with repeats 1 and 3, resulting in slower migrating 
complexes (Figure 7A). We verified that both exd and 
Hoxb-1 were present in the complexes using antibodies 
(Figu res 7B-7D). In the same assay, no complex formation 
was observed with repeat 2 (Figure 7A, lanes 4-6), consis- 
tent with the less efficient binding of repeat 2 seen with 
embryonic extracts and GST-Hoxb-1 (data not shown). 
Identical results with the repeats were obtained when the 
pbxl protein was used in place of exd, suggesting these 
cooperative interactions have been highly conserved ( ata 
not shown). 
Furthermore, exd-dependent complexes on repeats 1 
and 3 were specific for Hoxb-1. No binding was seen when 
exd and Ubx were combined (Figure 7A, lanes 13-18), 
despite the fact Ubx and exd do exhibit cooperative inter- 
actions on exd-binding sites in the dpp locus (Chan et al., 
1994) and on artificial binding sites (van Dijk and Murre, 
1994). Similarly, no cooperative* binding was seen with 
Hoxb-4 and exd on repeat 1 (Figure 7C, lanes 11 and 
12). These results indicate that subtle differences, such 
as those between repeat 2 and repeat 1 or 3, are important 
for both in vivo activity and in vitro cooperative binding. 
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Thus, interaction with exd/pbx confers binding specificity 
of Hoxb-1 to repeats 1 and 3, suggesting that direct auto- 
regulation of Hoxb-1 in r4 requires cooperative binding 
of Hoxb-1 with members of the vertebrate pbx family as 
cofactors. 
Expression Mediated by the r4 Enhancer 
in Drosophila Is Dependent on Exd 
Expression in Drosophila from the r4/lacZ transposon is 
dependent on the presence of the three repeats and lab 
(see Figure 5). If the interactions between Hoxb-1 and exd 
we observed in vitro were relevant for the function of lab 
family proteins in vivo, then expression mediated by the 
r4 enhancer in Drosophila should require exd. The staining 
pattern of the r4/lacZ transposon was unaltered in em- 
bryos missing only the zygotic exd product; however, most 
of the expression was absent from embryos lacking both 
maternal and zygotic exd(see Figures 5E and 5J). Further- 
more, the effect of the exd mutation is more severe than 
that of the/ab mutation, suggesting that exd collaborates 
not only with lab, but also with other proteins. We conclude 
that irl Drosophila the major expression in the head ob- 
tained with the mouse r4 enhancer, as well as expression 
in the visceral mesoderm, requires exd function. This pro- 
vides strong in vivo evidence that both lab- and exd-related 
proteins are critical components for direct autoregulation 
of Ho xb-1. 
Discussion 
Spatially restricted domains of expression are a hallmark 
of the HOM-C/Hox genes intimately associated with their 
functional roles in regulating regional identity. In Drosoph- 
ila, both direct and indirect cell signal-mediated autoregu- 
latory interactions are involved in regulating the restricted 
expression of a number of HOM-C genes in different tis- 
sues. However, in vertebrates little is known about the 
mechanisms that establish and maintain restricted expres- 
sion of Hox genes, and potential roles for auto- or cross- 
regulatory circuits are unclear and complicated by the ex- 
istence of up to four paralogous proteins with similar 
DNA-binding capabilities (McGinnis and Krumlauf, 1992; 
Krumlauf, 1994). The experiments presented here demon- 
strate that the expression of Hoxb-1 in r4, which is impli- 
cated in specification of r4 identity, involves a highly con- 
served and direct autoregulatory loop dependent on 
cooperative interaction of Hoxb-1 with exd/pbx proteins. 
This suggests that autoregulation is indeed a fundamental 
mechanism responsible for spatially restricted patterns of 
Hox expression in vivo. Our results imply interactions with 
cofactors such as exd/pbx are important for generating or 
modulating the in vivo target specificity for the lab group, 
and this is likely to be true for other Hox proteins. 
Direct Autoregulation of Hoxb-1 in r4 Involves 
Exd/Pbx as a Cofactor 
The experiments that showed that expression directed by 
the r4 enhancer in Drosophila was dependent on lab, and 
that ectopic expression of lab, Hoxb-1, or Hoxa.1 (Zhang 
et al., 1994) activated the lacZ reporter constructs in both 
mouse and Drosophila embryos, strongly suggested that 
lab family-dependent autoregulation was a key compo- 
nent of enhancer activity. The spatially restricted induction 
of reporter expression in response to overexpression of 
lab family members furthermore implied that additional 
factors are either necessary for autoregulation or interfere 
with the process. In support of a cofactor requirement and 
a direct autoregulatory mechanism, the in vitro binding 
assays demonstrated that Hoxb-1 could form specific 
complexes with the r4 repeat motifs, but needed compo- 
nents present in the mouse embryonic nuclear extracts. 
On the basis that exd and pbx proteins can replace the 
requirement for mouse embryonic extracts and coopera- 
tively interact with Hoxb-1 to confer target ~pecificity, we 
suggest the exd/pbx family members are an important in 
vivo component in Hoxb-I autoregulation mediated by the 
r4 enhancer. Furthermore, this cooperative interaction 
was essential for determining that the repeat motifs re- 
quired for in vivo activity actually constituted functional in 
vitro binding sites for Hoxb-1. Hence, an interaction with 
exd/pbx proteins may play an important role in determining 
both binding specificity and affinity of lab-related proteins 
for their binding sites in general. The observation that both 
lab and exd are required in Drosophila to obtain expression 
from the mouse r4 enhancer suggests a conservation of 
protein-protein i teractions between the products of the 
respective fly or vertebrate homologs of these genes. Inter- 
estingly, conservation between Hoxb-1 and lab is largely 
restricted to the homeodomain and an adjacent amino- 
terminal region containing the YPWM or hexapeptide mo- 
tif. The latter has recently been shown to contribute to the 
cooperative interaction between lab and exd on the repeat 
motif (Chan et al., submitted) and to the ability of other 
HOM-C and Hox proteins to interact with exd/pbx (Chang 
et al., 1995; Johnson et al., 1995). Although the evolution- 
ary conservation of these protein-protein ir~teractions 
does not automatically imply a conservation of targets reg- 
ulated by the vertebrate and fly exd and lab members, 
we have recently demonstrated ~that lab expression itself 
depends on exd using embryos lacking both maternal and 
zygotic exd function (Chan et al., submitted). This con- 
trasts with current opinions that favor the idea that exd is 
not directly involved in regulating HOM-C genes (Peifer 
and Wieschaus, 1990; Johnson et al., 1995) and suggests 
that exd could be similarly involved in auto- or cross- 
regulation of other HOM-C genes. 
Invoking cofactors that act in concert with Hoxb-l/lab 
could help to explain the spatially limited induction of the 
autoregulatory response observed in vivo. Cooperative 
DNA binding of Hoxb-1 with exd/pbx as a cofactor focuses 
attention on the expression patterns of the pbx family. In 
humans, three pbx genes have been identified (Kamps et 
al., 1990; Nourse et al., 1990; Monica et al., 1991), and, 
although detailed expression patterns in developing em- 
bryos have not been described, the genes are widely ex- 
pressed in embryonic and adult trssues (Monica et al., 
1991). Hence, the pbx expression patterns themselves are 
unlikely to account fully for the spatial restriction of the 
autoregulatory response. Therefore, we favor the idea that 
additional factors contribute to or block cool)erative bind- 
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ing between pbx and Hoxb-1 and help to limit the re- 
sponse. An example of a repressor that blocks the activity 
of the r4 autoregulatory enhancer in r3 and r5 is present 
in the Hoxb-1 5' flanking region and is functionally con- 
served in different vertebrates (Studer et al., 1994). 
Interestingly, in Drosophila exd expression is also wide- 
spread (Flegel et al., 1993; Rauskolb et al., 1993; Rauskolb 
and Wieschaus, 1994), and, despite a broad distribution 
in the visceral mesoderm, exd mutant phenotypes are re- 
stricted to a small subset of cells in this tissue (Rauskolb 
and Wieschaus, 1994; Sun et al., 1995; Chan et al., 1994). 
Furthermore, ectopic expression of exd does not result in 
embryonic phenotypes (S.-K. C. and R. S. M., unpublished 
data). Therefore, exd expression can not simply be corre- 
lated with functional activity. A differential distribution of 
active forms of exd, possibly generated by posttransla- 
tional modifications, has been proposed to explain cooper- 
ative interactions between Ubx and exd that regulate dpp 
in visceral mesoderm (Sun et al., 1995). Exd activity was 
suggested to be modulated by a dpp signaling-dependent 
mechanism. A similar mechanism could operate in the 
vertebrate hindbrain and help restrict the functional inter- 
action between Hoxb-1 and pbx to r4. 
The Functional Nonequivalence of the 
Conserved Repeats 
Sequence comparisons and mutational analysis in trans- 
genic mice showed that the r4 enhancer was comprised 
of three motifs related to the pbxl consensus binding site. 
The pbx/Hoxb-l-binding sites in the r4 enhancer are nec- 
essary and sufficient for restricted expression, both in 
mouse (Figure 4) and in Drosophila (Chan et al., submit- 
ted). Furthermore, all three repeats contributed to en- 
hancer activity in the mouse. However, despite the se- 
quence similarity among the sites, they are not equivalent. 
In all the in vivo and in vitro experiments, site 2 made the 
least contribution to enhancer function or protein binding, 
while repeat site 3 was the most effective (Figure 3). This 
is interesting because repeat 3 corresponds most closely 
to the pbxl consensus site, and a deviation from this con- 
sensus is seen for repeat 2. In all three vertebrates, repeat 
2 contains an A at the position corresponding to the last 
base in the pbxl consensus, where an A is not present 
in 34 PCR-selected binding sites (Lu et al., 1994). Even 
though, under the conditions used here, there is no binding 
in vitro observed on site 2 with exd and Hoxb-1, it has 
some function in vivo. Hoxb-t can form a complex with 
this site in the presence of embryonic extracts, suggesting 
that additional factors may be required for binding to re- 
peat 2. Our results demonstrate that small differences in 
the repeats or flanking sequences are critical for in vitro 
binding and in vivo function. Thus, subtle differences in 
DNA sequence could explain some of the variability ob- 
served in the interactions between HOM-C and exd/pbx 
proteins on natural (Chan et al., 1994; this work) and artifi- 
cial (van Dijk and Murre, 1994; Chang et al., 1995) binding 
sites. A further complication is that in in vitro assays using 
artificial (consensus) binding sites, the HOM-C binding site 
does not appear to be required for cooperation (van Dijk 
and Murre, 1994; Chang et al., 1995). These results under- 
score the critical importance of determining the in vivo 
function and relevance of any binding site examined in 
vitro. 
The interaction between HOM-C and exd/pbx proteins 
involves multiple domains that can contribute to differen- 
tial binding specificity (Chan et al., 1994; van Dijk and 
Murre, 1994; Chang et al., 1995; Johnson et al., 1995; 
Chan et al., submitted). In this regard, the cooperative 
interactions between exd and Hoxb-1 on the mouse re- 
peats are to some extent specific and not a general prop- 
erty of all HOM-C or Hox proteins. Hoxb-4, which binds 
weakly to repeat 1, does not cooperate with exd on this 
site. Also, no cooperative binding was displayed by Ubx 
together with exd on the repeat motifS, although these 
proteins have been shown to interact on other exd-binding 
sites (Chan et al., 1994; van Dijk and Murre, 1994). In 
addition, in Drosophila the activity of the r4/lacZ transpo- 
son correlated with the domains of lab expression and 
not generally with the expression of other HOM-C genes. 
Hence, the sites in the r4 enhancer seem to favor exd/ 
pbx interactions with lab family members. 
Conclusions 
Our experiments have demonstrated the highly conserved 
nature of Hoxb-1 regulation in r4 and provided insight into 
how segmental expression is regulated in the developing 
hindbrain. The results can account for why both RA treat- 
ment and ectopic expression of Hoxa-1 or Hoxb-1 lead to 
similar alterations in the hindbrain, since they would trig- 
ger a common /ab-mediated autoregulatory mechanism 
mediated by the r4 enhancer. While the data help to ex- 
plain r4 regulation, they do not address how this autoregu- 
latory circuit is established. The transient early expression 
of Hoxb-1, regulated by the 3' enhancer (Marshall et al., 
1994), may be one component involved in triggering this 
loop. In addition, other candidates for region-specific acti- 
vation could involve receptor tyrosine kinases, such as 
Sek2, and signaling molecules, such as Wnt (Cwnt-SC), 
which show a transient expr~ession in the future r4 region 
(Hume and Dodd, 1993; Becker et al., 1994). 
Apart from describing functional in vivo binding sites 
for products of the lab family of Hox and HOM-C selector 
genes, the demonstrated cooperation of a vertebrate Hox 
protein with products of the exd/pbx gene family has fo- 
cused attention on the role of the latter in modulating Hox 
expression in the hindbrain and has extended the range 
of target genes coregulated by interactions between Hox/ 
HOM-C and exd/pbx proteins to the Hox/HOM-C homeotic 
selector genes themselves. Even at a time when we have 
come to expect remarkable conservation of genes across 
a broad phylogenetic spectrum, it is nonetheless surpris- 
ing that some regulatory circuits may themselves also be 
conserved. 
Experimental Procedures 
Plasmld Construction 
A 650 bp EcoRI-Hindlll fragment with the r4 enhancer was subcloned 
into pBluescript KS(+), generating pEHB1. Mutations were generated 
by site-directed mutagenesis of pEHB1 (Kunkel st al., 1987) or by 
inverse PCR and confirmed by sequencing. Pufferfish and mouse con- 
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structs 1-14 for transgenesis were generated in BGZ40, which con- 
tains the lacZ gene and a minimal human ~-globin promoter (Yee 
and Rigby, 1993). Fragments were inserted blunt in the antisense 
orientation into the Spel site of BGZ40. In constructs 15-17, the 650 
bp EcoRI-Hindlll fragment or mutated versions were extended 5' by 
a 3 kb EcoRI fragment and 3' by an 8 kb Ncol fragment containing 
the Hoxb.1 gene fused with the lacZ gene in-frame (Marshall et al., 
1992). A construct with three copies of repeat 3 was produced with 
the oligonucleotides also used for EMSA. ~-Actin-Hoxb-1 contained 
the Hoxb-1 cDNA, the human ~-actin promoter, and an SV40 poly(A) 
signal similar to ~-actin-Hoxa-1 (Zhang et al., 1994). Drosophila 
transposons r4/lacZ and r4F__JlacZ (mutated repeats) contained a 
mouse 0.9 kb SpeI-Hindlll fragment inserted in the antisense orienta- 
tion into HZ50PL, which contains a lacZ gene, the Drosophila hsp70 
TATA box, and the rosy + gene (Hiromi and Gehring, 1987). To make 
GST-Hoxb-1 fusion protein, we inserted aHoxb-1 cDNA from the initia- 
tion ATG extending to an Asp-700 site in the 3' untranslated region 
into pGEX-2T (Smith and Johnson, 1988). The full-length exd construct 
contained a fragment of the exd cDNA (Rauskolb et al., 1993) from 
the Ncol site at the ATG to the Sail site 3' (~f the stop codon in a 
derivative of pBluescript KS(+) with a Kozak consensus sequence 
(Kozak, 1989). A construct with the Hoxb-4 cDNA in pGEX-3X was 
provided by A. Gould. 
Drosophila Strains and Analysis 
cn;ry host flies were used for P element ransformation. Transformant 
lines (r4/lacZ, two lines; r4E/lacZ, eight lines) were made homozygous 
and analyzed for 13-gal expression by staining formaldehyde-fixed em- 
bryos with a mouse monoclonal antibody against ~-gal protein (Vector 
Labs) (Busturia and Bienz, 1993). 
To test lab dependence, we recombined each r4/lacZ transposon 
onto a third chromosome containing lab v~1, a null allele (Diederich et 
al., f989), and balanced each with a hb-#-gal transposon-containing 
balancer chromosome (provided by G. Struhl) for identification of ho- 
rnozygous mutants. We usecl exd ×P~ to test exddependence. Embryos 
containing an r4/lacZ transposon, but lacking maternal and zygotic 
exd, were generated as described by Chan et el. (1994) and identified 
by their Ubx-like gut phenotype (Tremml and Bienz, 1989) or by using 
the ovo ~ system (Rauskolb et al., 1993). To produce ectopic lab, we 
used a hslab strain (Heuer and Kaufman, 1992; Hoppler and Bienz, 
1994) and a heat shock procedure with three subsequent heat pulses 
during middle ernbryogenesis as described previously ('ThLiringer et 
al., 1993). Heat-induced ectopic expression in the head was strictly 
due to the hslab transposon. 
Generation and Analysis of Transgenic Mice 
Transgenic mice were produced by microinjection of fertilized eggs 
from crosses of F1 hybrids (CBA x C57) and assayed for I~-gal activity 
as described previously (Whiting et al., 1991). RA treatment of embryos 
was by gavage with 200 ~1 of sesame seed oil containing all-trans RA 
(Sigma) for a final dose of about 20 mg per kilogram of maternal body 
weight (Marshall et al., 1992). Whole-mount in situ hybridization of 
embryos was performed as previously described (Wilkinson, 1992). 
Production of Recombinant Proteins 
The GST-Hoxb-1 and GST-Hoxb-4 fusion proteins were isolated from 
Escherichia coil DH5~ as described previously (Smith and Johnson, 
1988). To obtain the fusion protein, we resuspended pellets from a 
500 ml culture in 25 ml of cold phosphate-buffered saline (PBS) supple- 
mented with 10 mM EDTA, 2 mM dithiothreitol (DTr), 1 mM phenyl- 
methylsulfonyl fluoride, and leupeptin, pepstatin, and aprotinin at a 
concentration of 1 ~g/ml each. Triton X-100 was added after sonication 
to a final concentration of 1%. Fusion proteins were affinity purified 
with glutathione-Sepharose beads (Sigma). Eluted proteins (elution 
buffer: pH 7.5, 50 mM Tris base, 150 mM NaCI, 33 mM glutathione, 
2 mM DTT)were concentrated, and the buffer was exchanged for PBS 
containing 5 rnM DFr and 0.01% Triton X-100 using an Amicon column 
with a 30 kDa cutoff and stored at -70°C in 10% glycerol (v/v). Protein 
concentration was estimated from a Coomassie blue-stained gel with 
a bovine serum albumin (BSA) standard. 
Production of the exd homeodomain polypeptide, which is similar 
to the T7 epitope-tagged version used, has been described previously 
(Chan et al., 1994). Full-length exd was produced using a coupled in 
vitro transcription/translation system for T7 polymerase (Promega). 
The polyclonal antiserum was obtained from rabbits immunized with 
the GST-Hoxb-1 protein. 
Preparation of Embryonic Nuclear Extracts and EMSA 
Nuclear extracts were prepared from homogenized mouse embryos 
as described previously (Schreiber et al., 1989). High salt nuclear ex- 
traction buffer (buffer C), with 500 rnM KCI instead of NaCI and addi- 
tional proteinase inhibitors (leupeptin and aprotinin, of 0.5 p.g/ml each, 
and I i~g/ml trypsin inhibitor), was used at about 2.5 times the volume 
of the nuclear pellet. Protein concentration of extracts was done by 
the Bio-Rad protein assay. Oligonucleotides were labeled with 
[a-32P]dGTP (3000 Ci/mmol; Amersham) and gel purified. EMSA with 
embryonic extracts and GST-Hoxb-1 contained in a total volume of 
20 #.1 the following: 10 p.g of nuclear proteins, different amounts of 
GST-Hoxb-1 or GST, 20 mM HEPES-KOH (pH 7.9), 100 mM KCI, 5 
~g of BSA, 1 mM DTT, 0.5 mM EDTA, 12% glycerol (v~v), 2 I~g of 
poly(dl-dC) with repeat 3 and 400 ng of poly(dl.dC) with repeats 1 
and 2, 20,000 cprn oligonucleotides (0.2-2 ng), and in some cases 
unlabeled competitor oligonucleotides, preimmune sera, or polyclonal 
antiserum against GST-Hoxb-1. Binding assays with the exd homeo- 
domain were prepared in 20 pJ of 20 mM HEPES-KOH (pH 7.9), 50 
mM KCI, 10 p.g of BSA, 1 mM DTT, 0.5 mM EDTA, 10% glycerol (v/v), 
and 120-200 ng of poly(dl.dC). We used 400 ng of poly(dl.dC) when 
preimmune or polyclonal antiserum was included. Assays with in vitro 
transcribed and translated proteins also contained 4 pJ of reticulocyte 
lysate. After a 30 rain incubation on ice for assays with embryo extracts, 
or at room temperature otherwise, complexes were separated by elec- 
trophoresis. Oligonucleotides used (only one strand shown) are as 
follows: repeat 1, 5'-TGTCGCTCTCAGATGGATGGGCTCAGAGTG-3'; 
repeat 2, 5'-TCAGAGTGATTGAAGTGTCTTTG-3'; repeat 3, 5'-GGGG- 
TGATGGATGGGCGCTG-3'. For mutated versions, see Figure lB. 
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